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Abstract

Background: Ergothioneine (EGT) has been reported to alleviate estrogen deficiency-induced osteoporosis, but whether this protection
is accompanied by alterations in the bone microvasculature accompany this protection remain unknown. Therefore, this study aimed to
examine the effects of EGT in ovariectomized (OVX) mice, with particular attention to type H vessels. Methods: A total of 18 female
C57BL/6J mice were randomly assigned to the sham, OVX, and OVX + EGT groups (n = 6 each). EGT was initiated 24 h after OVX and
administered for 12 weeks. Femoral structure was evaluated using micro-computed tomography, hematoxylin and eosin staining, im-
munohistochemistry, and immunofluorescence. Meanwhile, serum assays were used to characterize bone turnover and oxidative stress.
In addition, mouse bone-derived type H endothelial cells were exposed to EGT. The localization of organic cation transporter novel
type 1 (OCTN1) was examined by immunofluorescence. Angiogenic activity was measured in Matrigel, while OCTN1 gene and protein
expression were assessed by reverse-transcription quantitative polymerase chain reaction and Western blotting, respectively. Results:
In OVX mice, EGT increased bone mineral density and improved trabecular microarchitecture. Serum superoxide dismutase activity
and glutathione concentrations were higher after EGT administration, whereas advanced oxidation protein products and malondialde-
hyde levels were lower. Bone sections also showed a larger CD31" vascular area, more osterix-positive (Osx") osteogenic cells, and a
closer spatial association between these signals. EGT increased OCTN1 expression in vitro and promoted angiogenesis. Conclusions:
Early administration of EGT alleviated OVX-induced bone loss. This effect may be linked to reduced oxidative stress and enhanced
angiogenesis related to type H vessels.
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1. Introduction then injure cells and tissues [10]. Within bone, this distur-
bance of metabolic homeostasis has been linked to reduced
bone mineral density (BMD) [11]. It favors osteoclasto-
genesis by increasing receptor activator of nuclear factor-
kB ligand (RANKL) expression and increasing the ratio
of RANKL to osteoprotegerin [12,13]. Oxidative stress
also impairs the commitment of bone progenitors to the
osteoblast lineage and diminishes osteoblast activity [14],
while promoting apoptosis of osteoblasts and osteocytes
[15,16]. Type H vessels are a specialized subset of bone
capillaries that contribute to skeletal homeostasis by link-
ing angiogenesis to osteogenesis [17,18]. Their decline
under oxidative conditions has been implicated in bone
loss [19,20], suggesting that preservation of type H vessel-
related angiogenesis may offer a potential strategy for lim-
iting PMOP.

Postmenopausal osteoporosis (PMOP) involves pro-
gressive loss of bone mass and disruption of bone microar-
chitecture, changes that compromise skeletal strength and
increase susceptibility to fracture [1,2]. In China, osteo-
porosis affects more than 30% of postmenopausal women
following the marked decline in estrogen after menopause
[3]. The lifetime probability of an osteoporotic fracture
among people aged 50 years or older is approximately one
in three for women and one in five for men [4]. Popula-
tion aging is expected to further amplify the clinical and
economic consequences of these fractures [5]. Although
PMOP has a multifactorial origin, estrogen deficiency re-
mains one of its principal drivers [6], and the oxidative im-
balance associated with estrogen loss is considered an im-
portant component of disease development [7].

Oxidative stress develops when oxidant generation
outstrips antioxidant capacity, allowing reactive oxygen
species (ROS), reactive nitrogen species, and other free rad-
icals to accumulate [8,9]. Persistent redox imbalance can

Ergothioneine (EGT) is a naturally occurring, sulfur-
containing, non-proteinogenic amino acid with antioxidant
and anti-inflammatory activity [21,22]. It is biosynthe-
sized mainly by fungi, algae, and certain bacteria and oc-
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curs predominantly as interconvertible thiol and thione tau-
tomers [23]. Because EGT preferentially accumulates in
tissues susceptible to oxidative injury, it has attracted inter-
est as a potential intervention for disorders driven by ox-
idative stress [24,25]. Guo et al. [26] showed that EGT up-
regulated heme oxygenase-1 (HO-1) and catalase, thereby
limiting RANKL-induced ROS accumulation and mitogen-
activated protein kinase (MAPK) signaling to suppress os-
teoclast differentiation in vitro, and attenuated bone loss
in ovariectomized (OVX) mice. A separate study reported
that EGT given early after OVX decreased mitochondrial
ROS, inhibited nuclear factor-kB (NF-kB)/nuclear factor
of activated T cells 1 (NFATcl1) signaling, and attenuated
both osteoclastogenesis and bone loss [27]. These investi-
gations concentrated on osteoclast-mediated effects and did
not evaluate the bone microvasculature; consequently, it re-
mains uncertain whether EGT is associated with changes in
type H vessels.

Using a bilateral OVX mouse model, we examined
EGT in relation to bone loss and systemic oxidative stress.
We quantified CD31" vascular area, osterix-positive (Osx™)
osteogenic cells, and their spatial proximity in bone and
assessed organic cation transporter novel type 1 (OCTN1)
expression and angiogenic activity after EGT exposure in
bone-derived type H endothelial cells.

2. Materials and Methods
2.1 Animal Studies

Twenty-four female C57BL/6J mice, 8 weeks of age
and weighing 20 + 2 g, were supplied by the Gannan In-
stitute of Innovation and Translational Medicine. The in
vivo study used 18 animals; the other six received no in-
tervention and were used exclusively as donors of primary
bone-derived type H endothelial cells. The in vivo sample
size was selected based on comparable OVX studies and
the reduction principle of the 3Rs. All procedures involv-
ing animals were authorized by the Experimental Animal
Care and Use Committee of the First Affiliated Hospital of
Gannan Medical University (No. GMU2022126). Animal
care and experimentation complied with the National In-
stitutes of Health Guide for the Care and Use of Labora-
tory Animals, and the study followed the ARRIVE guide-
lines. Animals were maintained in a specific pathogen-free
facility under a 12-h light/12-h dark schedule at 22 +£ 2 °C
and 50 = 10% relative humidity, with unrestricted access
to chow and water. After 1 week of acclimatization, each
of the 18 animals assigned to the in vivo experiment re-
ceived a unique identifier. A computer-generated random
sequence was then used to distribute them equally among
the Sham, OVX, and OVX + EGT groups (six animals per
group). Starting 24 h after the operation, saline was given
by oral gavage once daily to the Sham and OVX groups.
The OVX + EGT group was gavaged on the same schedule
with EGT at 70 mg/kg/day for 12 weeks (EGT dissolved in
saline; L864254-5g, Shanghai Macklin Biochemical Co.,

Ltd., Shanghai, China). The selected dose and oral route
were based on established protocols [28].

Bilateral ovariectomy was carried out with reference
to previously reported procedures [29,30]. Anesthesia was
induced by intraperitoneal administration of 1% pentobar-
bital sodium at 40 mg/kg (P3761, Sigma-Aldrich, St. Louis,
MO, USA). Under aseptic conditions, hair was removed
from the dorsal lumbar area and the skin was disinfected.
A midline skin incision of approximately 1 cm was cre-
ated over the lumbar spine, and the peritoneal cavity was
approached through an incision in the paravertebral mus-
cles on each side. The ovary, adjacent oviduct, and sur-
rounding fat pad were gently brought outside the abdom-
inal cavity. After ligation of the utero-ovarian vascular
pedicle, the ovary was removed; this procedure was re-
peated contralaterally. Muscle and skin were closed in
separate layers. Sham-operated animals underwent iden-
tical surgical exposure, but their ovaries were neither lig-
ated nor excised. For the first 3 postoperative days, ev-
ery mouse received intraperitoneal penicillin G sodium (50
mg/kg; PHR2642, Sigma-Aldrich, St. Louis, MO, USA)
as antimicrobial prophylaxis and subcutaneous meloxicam
(2 mg/kg; PHR1799, Sigma-Aldrich, St. Louis, MO, USA)
for pain control. Oral gavage commenced 24 h after surgery
and continued for the 12-week study period. At study
completion, blood was obtained by cardiac puncture under
deep anesthesia, immediately before euthanasia. The ani-
mals were subsequently euthanized by CO, inhalation, af-
ter which the femurs were collected. Whole blood was kept
at room temperature for 30 min to permit clotting and was
centrifuged at 3000 xg for 10 min at 4 °C. Serum was re-
moved, divided into aliquots, and stored at —80 °C without
repeated freeze-thawing until biochemical testing.

2.2 Cell Culture

Primary bone-derived type H endothelial cells were
obtained from the six untreated 8-week-old female
C57BL/6J donor mice. Three biologically independent iso-
lations were conducted, and each isolation used pooled mar-
row from two donors.

Femurs and tibiae were removed bilaterally under
aseptic conditions and cleared of adherent soft tissue. Fol-
lowing excision of both epiphyses, each bone was posi-
tioned with its cut surface directed downward in a perfo-
rated 0.5-mL tube placed inside a 1.5-mL collection tube.
Centrifugation at 10,000 xg for 15 s at room temperature
expelled the marrow into the outer tube. The recovered
marrow was suspended in phosphate-buffered saline (PBS)
containing 2% fetal bovine serum, filtered through a 70-
pum mesh, and pelleted at 300 xg for 10 min. Cells were
plated at 1 x 10° cells per 100-mm dish. For the ini-
tial 24 h, cultures were maintained in Dulbecco’s modi-
fied Eagle’s medium containing 10% fetal bovine serum
and 1% penicillin-streptomycin (all from Gibco, Thermo
Fisher Scientific, Grand Island, NY, USA). Incubation was
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performed at 37 °C in humidified 5% CO,. The cultures
were then switched to endothelial cell medium (1001, Sci-
enCell Research Laboratories, Carlsbad, CA, USA) and
maintained for a further 5-7 days; fresh medium was sup-
plied every 2-3 days.

For fluorescence-activated cell sorting, adherent cells
were released with Accutase for 2 min at 37 °C (00-4555-
56, Thermo Fisher Scientific, Waltham, MA, USA). The
resulting suspension was stained for 1 h at 4 °C with PE-
labeled anti-Ter119 (E-AB-F1125D, Elabscience Biotech-
nology Inc., Wuhan, Hubei, China), APC/Cy7-labeled
anti-CD45 (103116, BioLegend, San Diego, CA, USA),
Alexa Fluor 488-labeled anti-EMCN (53-5851-82, Invit-
rogen, Thermo Fisher Scientific, Carlsbad, CA, USA),
and Alexa Fluor 647-labeled anti-CD31 (102516, BioLe-
gend, San Diego, CA, USA). Forward- and side-scatter pa-
rameters were first used to remove debris and doublets.
CD45" and Ter119" events were subsequently excluded,
and CD31"EMCN" cells in the remaining CD45 Ter119~
fraction were collected as bone-derived type H endothelial
cells on a FACSAria instrument (BD Biosciences, San Jose,
CA, USA). FACSDiva version 6.1.3 (BD Biosciences) was
used to process the cytometry data.

When cultures reached 70-80% confluence, the cells
generated by each independent isolation were assigned sep-
arately to Control, Vehicle, or EGT conditions. Selec-
tion of the test concentration was informed by an ear-
lier endothelial-cell study in which 0.1-0.3 mM EGT pro-
duced biological activity without detectable cytotoxicity
[31]. Cells in the EGT condition therefore received 50
pg/mL EGT (approximately 0.22 mM) for 24 h. An equal
volume of the sterile saline used to dissolve EGT was added
to Vehicle cultures, whereas no supplement was added to
Control cultures. Cells were collected after these interven-
tions for the analyses described below.

2.3 Micro-Computed Tomography (Micro-CT)

Excised femurs were preserved in 75% ethanol and ex-
amined with a high-resolution uCT 80 scanner (SCANCO
Medical AG, Briittisellen, Switzerland). Trabecular bone
in the distal femoral metaphysis was acquired at a 12-pm
isotropic voxel resolution, using 55 kV and an integra-
tion time of 145 ms. The analysis volume consisted of
300 consecutive slices extending proximally from the distal
femoral growth plate. After reconstruction, CTAn version
1.18 (Bruker microCT N.V., Kontich, Belgium) was used to
derive bone mineral density (BMD), bone volume fraction
(BV/TV), trabecular thickness (Tb.Th), trabecular number
(Tb.N), and trabecular separation (Tb.Sp). Image collec-
tion, delineation of the trabecular region of interest, and re-
porting of microarchitectural outcomes followed previously
published methods [19].
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2.4 Enzyme-Linked Immunosorbent Assay

Bone-turnover indices and vascular endothelial
growth factor (VEGF) were quantified in serum using
commercial enzyme-linked immunosorbent assay kits. The
assays were completed as directed by the manufacturer.
Optical density was recorded at 450 nm with a Multiskan
FC microplate photometer (Thermo Fisher Scientific
Oy, Vantaa, Finland), and the relevant calibration curve
was used to determine each concentration. The panel
comprised total osteocalcin (OCN, ml063317, Shang-
hai Enzyme-linked Biotechnology Co., Ltd., Shanghai,
China), procollagen type I N-terminal propeptide (PINP,
ml063063, Shanghai Enzyme-linked Biotechnology Co.,
Ltd., Shanghai, China), alkaline phosphatase (ALP,
ml002235, Shanghai Enzyme-linked Biotechnology
Co., Ltd., Shanghai, China), tartrate-resistant acid phos-
phatase (TRAP, ml058339, Shanghai Enzyme-linked
Biotechnology Co., Ltd., Shanghai, China), C-terminal
telopeptide of type I collagen (CTX-1, ml002265, Shang-
hai Enzyme-linked Biotechnology Co., Ltd., Shanghai,
China), N-terminal telopeptide of type I collagen (NTX,
ml002102, Shanghai Enzyme-linked Biotechnology Co.,
Ltd., Shanghai, China), and VEGF (ml106702, Shanghai
Enzyme-linked Biotechnology Co., Ltd., Shanghai, China).

2.5 Measurement of Oxidative Stress Markers

Commercial assay kits were used to determine serum
superoxide dismutase activity (SOD, KTB1030, Abbkine
Scientific Co., Ltd., Wuhan, Hubei, China) and the con-
centrations of reduced glutathione (GSH, KTB1600, Ab-
bkine Scientific Co., Ltd., Wuhan, Hubei, China), advanced
oxidation protein products (AOPPs, KTB1060, Abbkine
Scientific Co., Ltd., Wuhan, Hubei, China), and malondi-
aldehyde (MDA, KTB1050, Abbkine Scientific Co., Ltd.,
Wuhan, Hubei, China). All measurements were performed
according to the manufacturer’s instructions.

2.6 Hematoxylin and Eosin (H&E) Staining

For H&E staining and OCN immunohistochemistry,
three of the six mice in each experimental group were
randomly selected using a random-number generator.
Femoral specimens from these mice were immersed in 4%
paraformaldehyde (pH 7.0) for 48 h and then decalcified
at 4 °C in 10% ethylenediaminetetraacetic acid (EDTA;
pH 7.4). The EDTA solution was renewed at 3-day inter-
vals. After approximately 2 weeks, completion of decalci-
fication was verified by needle penetration. Samples were
processed sequentially through 75%, 80%, 90%, 95%, and
100% ethanol, cleared with xylene, and embedded in paraf-
fin. Serial 5-pum coronal sections were cut to provide com-
plete cross-sections of the femoral marrow cavity. After
paraffin removal and rehydration, sections were exposed
to hematoxylin for 5 min and differentiated in 1% acid al-
cohol for 30 s. They were then rinsed in running tap wa-
ter for 15-30 min until blueing was complete, followed by
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a 3-min eosin counterstain. Dehydrated and cleared sec-
tions were coverslipped with neutral resin. Bone morphol-
ogy was evaluated by light microscopy (Nikon Corporation,
Tokyo, Japan), and ImageJ (National Institutes of Health,
Bethesda, MD, USA) was used to quantify the number of
bone marrow adipocytes per high-power field. For each
mouse, measurements from three sections were averaged
to obtain a single value.

2.7 Immunohistochemistry

Following antigen retrieval and blocking, bone sec-
tions were exposed overnight at 4 °C to a rabbit anti-
OCN antibody (1:100; DF12303, Affinity Biosciences,
Cincinnati, OH, USA). Binding was detected by a 2-
h room-temperature incubation with horseradish perox-
idase (HRP)-conjugated goat anti-rabbit secondary an-
tibody (1:200; S0001, Affinity Biosciences). A 3,3'-
diaminobenzidine substrate kit (DAB; P0203, Beyotime
Biotechnology, Shanghai, China) was used for color devel-
opment, and hematoxylin was applied as the nuclear coun-
terstain. After mounting in neutral resin, sections were pho-
tographed on an Axio Imager D2 bright-field microscope
(Carl Zeiss Microscopy GmbH, Jena, Germany). Imagel
was used for semiquantitative assessment, expressed as the
mean optical density of OCN-positive staining. Measure-
ments from three sections were averaged to obtain a single
value per mouse.

2.8 Immunofluorescence

For cellular immunofluorescence, type H endothe-
lial cells were grown on coverslips at 37 °C in humidi-
fied 5% CO, until approximately 80% confluent. Cultures
were washed three times with ice-cold PBS, fixed in 4%
paraformaldehyde for 20 min at room temperature, and per-
meabilized for 15 min with 0.1% Triton X-100 in PBS.
Nonspecific binding was blocked with 5% bovine serum al-
bumin for 1 h at room temperature. In a humidified cham-
ber at 4 °C, cells were incubated overnight with a mouse
polyclonal anti-OCTN1 antibody (1:700; HO0006583-A01,
Novus Biologicals, Centennial, CO, USA) together with
an Alexa Fluor 488-conjugated anti-CD31 antibody (1:200;
FAB3628G, R&D Systems, Minneapolis, MN, USA). Af-
ter PBS washing, Alexa Fluor 594-conjugated goat anti-
mouse IgG (1:500; ab150116, Abcam, Cambridge, UK)
was applied for 1 h at room temperature in the dark. Nuclei
were labeled with 4',6-diamidino-2-phenylindole (DAPI, 1
pg/mL, 5 min), and coverslips were secured with antifade
mounting medium.

A separate preparation was used for immunofluores-
cence of bone tissue. Femurs were fixed for 4 h at 4 °C
in 4% paraformaldehyde and decalcified for 14 days at 4
°C with 0.5 M EDTA (pH 7.4). After the femurs were
embedded in optimal cutting temperature compound and
frozen overnight, serial 30-um sections were produced on a
cryostat (Leica Microsystems GmbH, Wetzlar, Germany).

Sections were rinsed three times in PBS and blocked for
1 h at room temperature with 10% goat serum. Primary
staining was performed overnight at 4 °C with mouse anti-
CD31 (1:500; BF8133, Affinity Biosciences, Cincinnati,
OH, USA) and rabbit anti-osterix (Osx; 1:200; AF7080,
Affinity Biosciences). The following secondary antibod-
ies were then applied together for 1 h at room tempera-
ture in the dark: Alexa Fluor 594-conjugated goat anti-
mouse [gG (1:500; ab150116, Abcam, Cambridge, UK) and
Alexa Fluor 488-conjugated goat anti-rabbit IgG (1:500;
ab150077, Abcam). An Axio Imager D2 fluorescence mi-
croscope (Carl Zeiss Microscopy GmbH, Jena, Germany)
was used for image acquisition. With ImageJ], CD31" vas-
cular signals were expressed as a percentage of area and
Osx™ cells were counted.

2.9 Tube Formation Assay

The assay was performed as previously described
[32]. Matrigel basement membrane matrix (356234, Corn-
ing Inc., Corning, NY, USA) was allowed to thaw at 4 °C
overnight. Aliquots of 50 pL were distributed uniformly
into the wells of a 96-well plate and polymerized for 30
min at 37 °C. After the specified interventions, type H en-
dothelial cells were collected and suspended in endothe-
lial cell medium (1001, ScienCell Research Laboratories,
Carlsbad, CA, USA) containing 10% fetal bovine serum
(Gibco, Thermo Fisher Scientific, Grand Island, NY, USA).
Each coated well received 2 x 10* cells in 100 pL. Cul-
tures were incubated for 6 h at 37 °C in a humidified atmo-
sphere containing 5% CO,. Network-like structures were
viewed with an inverted phase-contrast microscope (Leica
Microsystems GmbH, Wetzlar, Germany). Three to five
fields were selected at random from each group, and total
tube length was measured in ImagelJ as the index of tube-
forming activity.

2.10 Reverse-Transcription Quantitative Polymerase
Chain Reaction (RT-qPCR) Analysis

RNA was purified from type H endothelial cells
with the EZ-press RNA Purification Kit (B0004D, EZBio-
science, Roseville, MN, USA), following the supplier’s in-
structions. A NanoDrop spectrophotometer (Thermo Fisher
Scientific, Waltham, MA, USA) was used to evaluate RNA
yield and purity. For each sample, 0.5 pg RNA was con-
verted to complementary DNA with the Color Reverse
Transcription Kit (A0010CGQ, EZBioscience). RT-qPCR
was conducted on a QuantStudio 5 Real-Time PCR Sys-
tem (Applied Biosystems, Thermo Fisher Scientific, Foster
City, CA, USA) using 2x Color SYBR Green qPCR Master
Mix (A0012-R1, EZBioscience). The 20-uL reactions were
initiated at 95 °C for 5 min, followed by 40 cycles consist-
ing 0of 95 °C for 10 s and 60 °C for 30 s. Product specificity
was checked by a melting-curve analysis run from 65 °C
to 95 °C. Each sample was tested in triplicate, and GAPDH
served as the endogenous reference. Table 1 lists the primer
sequences.
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Fig. 1. EGT administration attenuates OVX-induced bone loss. (A) Chemical structure of EGT. (B) Representative micro-CT images
of femoral microarchitecture from three experimental groups (Sham, OVX, and OVX + EGT); scale bar: 500 um. (C) Bone mineral
density (BMD). (D) Bone volume fraction (BV/TV). (E) Trabecular number (Tb.N). (F) Trabecular thickness (Tb.Th). (G) Trabecular
separation (Tb.Sp). Data are presented as the mean + SD (n = 6 mice per group). ***p <0.001; ns, not significant. OVX, ovariectomized;

EGT, ergothioneine. The figure was created using Figdraw (https://www.figdraw.com/).

2.11 Western Blot Assay

Type H endothelial cells were lysed in radioim-
munoprecipitation assay (RIPA) buffer (FD008, FDbio,
Hangzhou, Zhejiang, China) containing 1% (v/v) protease
and phosphatase inhibitor cocktail (FD1001, FDbio). Sam-
ple preparation was conducted on ice. Total protein was
quantified by the bicinchoninic acid method (BCA kit
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23227, Thermo Fisher Scientific, Waltham, MA, USA).
For each lane, 30 pg of protein was resolved by 10%
sodium dodecyl sulfate—polyacrylamide gel electrophore-
sis (SDS-PAGE) and transferred to a polyvinylidene diflu-
oride membrane (IPFL00010, MilliporeSigma, Burlington,
MA, USA). Membranes were blocked in 5% non-fat milk
for 1 h at room temperature. They were then incubated at
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Table 1. Primer sequences used for RT-qPCR.

Gene

OCTNI

Primer sequence (5'-3")
Forward: 5'-GCTGGGAGTACGACAAGGAC-3'
Reverse: 5-GAAGAACAGGGAGGTGGTGA-3’

GAPDH Forward: 5'-AACTTTGGCATTGTGGAAGG-3’
Reverse: 5'-GGATGCAGGGATGATGTTCT-3'

4 °C overnight with rabbit anti-OCTN1 (1:1000; DF9724,
Affinity Biosciences, Cincinnati, OH, USA) and rabbit anti-
GAPDH (1:3000; AF7021, Affinity Biosciences). Follow-
ing washing, HRP-conjugated goat anti-rabbit IgG (1:5000;
M21003, Abmart, Shanghai, China) was applied for 1 h
at room temperature. Bands were detected with enhanced
chemiluminescence reagent (34577, Thermo Fisher Scien-
tific). Band intensities from three independent experiments
were quantified using ImageJ. OCTN1 band intensity was

normalized to the corresponding GAPDH band intensity
and expressed relative to the Control group.

2.12 Statistical Analysis

Results are reported as mean + standard deviation
(SD). Distributional normality was examined with the
Shapiro-Wilk test, and equality of variances was evaluated
with Levene’s test. Because every dataset satisfied both as-
sumptions, group differences were tested by one-way anal-
ysis of variance, followed by Tukey’s multiple-comparison
procedure. All p values were derived from two-sided tests,
with p < 0.05 defining statistical significance. Signifi-
cance levels were denoted as *p < 0.05, **p < 0.01, and
*#%*p < 0.001; ns indicated no statistically significant dif-
ference. Analyses were performed in IBM SPSS Statistics
19.0 (IBM Corp., Armonk, NY, USA) and GraphPad Prism
9.0 (GraphPad Software, San Diego, CA, USA).
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Fig. 3. Effects of EGT on serum bone turnover markers. (A) Osteocalcin (OCN). (B) Procollagen type I N-terminal propeptide
(PINP). (C) Alkaline phosphatase (ALP). (D) Tartrate-resistant acid phosphatase (TRAP). (E) C-terminal telopeptide of type I collagen
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**%p <0.001; ns, not significant. The figure was created using Figdraw (https://www.figdraw.com/).

3. Results

3.1 EGT Administration Attenuates OVX-Induced Bone
Loss

Femoral trabecular bone was examined by micro-CT
to determine whether EGT altered the skeletal changes as-
sociated with OVX. The molecular structure of EGT is
provided in Fig. 1A. Three-dimensional reconstructions
showed a compact, interconnected trabecular network in
Sham animals. By contrast, OVX was accompanied by
fewer trabeculae and wider spaces between them, whereas
the OVX + EGT group displayed a less disrupted architec-
ture (Fig. 1B). Relative to the Sham group, OVX signifi-
cantly lowered BMD and BV/TV. Both indices were higher
in EGT-treated OVX mice than in untreated OVX mice
(Fig. 1C,D). OVX also reduced Tb.N and increased Tb.Sp;
EGT shifted both measures in the opposite direction (Fig.
1E,G). Tb.Th was numerically greater after EGT adminis-
tration, but the difference between the OVX and OVX +
EGT groups did not reach statistical significance (Fig. 1F).

3.2 EGT Attenuates Oxidative Stress in OVX Mice

To assess the antioxidant effects of EGT, serum an-
tioxidant components and oxidative damage markers were
measured. SOD activity and GSH concentration were lower
in OVX mice than in Sham mice, while both measures were
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significantly higher in the OVX + EGT group than in the
untreated OVX group (Fig. 2A,B). The opposite pattern
was observed for indices of oxidative damage: OVX in-
creased AOPPs and MDA, and EGT administration reduced
both markers relative to OVX alone (Fig. 2C,D). Thus,
early EGT exposure was accompanied by greater antiox-
idant capacity and lower circulating oxidative products in
OVX mice.

3.3 Effects of EGT on Serum Bone Turnover Markers

Serum markers were analyzed to characterize bone
turnover. OVX reduced OCN and PINP relative to Sham,
whereas both formation-related markers were significantly
higher following EGT administration (Fig. 3A,B). ALP
did not differ significantly among the groups (Fig. 3C).
For resorption-related measures, TRAP activity and CTX-
1 concentration were elevated after OVX and were lower
in the OVX + EGT group (Fig. 3D,E). NTX followed the
same pattern, increasing in OVX mice and decreasing after
EGT intervention (Fig. 3F).

3.4 EGT Improves Osteogenic Activity in OVX Mice

Histological examination revealed numerous trabec-
ulae and relatively few marrow adipocytes in Sham
femora. OVX specimens contained less trabecular bone and
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more adipocytes, while sections from EGT-treated OVX
mice showed better-preserved trabecular structure and less
adipocyte accumulation (Fig. 4A). Adipocyte density was
significantly greater after OVX than after Sham surgery and
was lower in the OVX + EGT group than in the OVX group
(Fig. 4B). OCN immunohistochemistry produced promi-
nent positive staining in Sham bone but weaker staining
after OVX (Fig. 4C). Compared with the untreated OVX
group, the EGT group had a significantly greater mean op-
tical density of OCN-positive staining (Fig. 4D).

3.5 EGT Increases CD31" Vascular Area and Osx*
Osteogenic Cell Abundance and Improves Their Spatial
Association in OVX Mice

Double immunofluorescence for CD31 and Osx was
used to examine the spatial relationship between vascular
structures and osteogenic cells in bone. Sham sections con-
tained abundant CD31" vascular profiles with Osx" cells
frequently located nearby. OVX reduced both signals and
decreased the frequency of areas in which they were closely
apposed. Sections from EGT-treated OVX mice showed
more CD31" vascular staining, more Osx™ cells, and more
regions of close spatial proximity between the two sig-

nals (Fig. 5A). Quantification showed that CD31" area
and Osx* cell number were significantly lower after OVX
than after Sham surgery. Both measures were significantly
higher in the OVX + EGT group than in the OVX group
(Fig. 5B,D). Serum VEGF was likewise reduced by OVX
and increased after EGT administration (Fig. 5C).

3.6 EGT Promotes Angiogenesis in Type H Endothelial
Cells

Bone-derived CD31"EMCN™ endothelial cells were
collected by fluorescence-activated cell sorting after exclu-
sion of CD45" and Ter119" cells (Fig. 6A). In culture, the
sorted cells displayed an endothelial-like appearance under
bright-field microscopy (Fig. 6B). OCTN1 immunofluo-
rescence was detected within CD31% cells, as shown by
overlap between the OCTN1 and CD31 channels (Fig. 6C).
Western blotting showed a stronger OCTN1 protein band
in EGT-exposed cells. In addition, quantitative analysis
showed that the relative protein expression of OCTN1 was
significantly higher in the EGT group than in the Control
and Vehicle groups (Fig. 6D). Relative OCTNI! transcript
abundance was also significantly greater after EGT than un-
der either comparator condition (Control or Vehicle; Fig.
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6E). Control and Vehicle cells formed relatively limited
networks on Matrigel, whereas EGT-treated cells produced
more extensive tube-like structures (Fig. 6F). Total tube
length was significantly greater with EGT than under either
comparator condition (Fig. 6G). These results show that
EGT treatment increases OCTN1 expression and promotes
angiogenesis in type H endothelial cells.

4. Discussion

PMOP is the most prevalent metabolic bone disorder
associated with estrogen deficiency. Its hallmark patho-
logical feature is disruption of bone metabolic homeosta-
sis, primarily driven by estrogen deficiency-induced ox-
idative stress [7,33]. This disruption of bone remodeling
contributes to progressive bone loss and greater suscepti-
bility to fractures [34,35]. Studies have reported a sub-
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stantial reduction in type H vessels in mouse models of
OVX-induced bone loss [36,37]. These vessels are essen-
tial for maintaining bone homeostasis by coupling angio-
genesis with osteogenesis [17,18]. We previously found
that aging-associated oxidative stress promotes the accu-
mulation of AOPPs, thereby contributing to the reduction
of type H vessels in bone [19]. In this study, we found that
EGT alleviated OVX-induced bone loss, reduced oxidative
stress, and promoted angiogenesis by type H endothelial
cells. The bone-protective effects of EGT may be associ-
ated with enhanced type H vessel-related angiogenesis.
Oxidative stress is an important component of estro-
gen deficiency-induced bone loss, affecting osteoclast for-
mation, osteoblast differentiation, and osteocyte survival
[34,35]. Guo et al. [26] showed that EGT reduced ROS ac-
cumulation and MAPK signaling in osteoclast precursors
and preserved bone mass in OVX mice. More recently,
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Li et al. [27] reported that early EGT administration re- levels while reducing serum concentrations of AOPPs and
duced mitochondrial ROS, inhibited NF-kB/NFATc! sig- MDA. Micro-CT analysis demonstrated that EGT increased
naling, and attenuated osteoclastogenesis and bone loss af- BMD and improved trabecular microarchitecture in OVX
ter OVX. A protective effect against oxidative mitochon-  mice. These findings suggest that EGT may alleviate bone
drial injury has also been observed in chondrocytes [38]. loss by enhancing antioxidant defenses and mitigating es-

In this study, EGT restored serum SOD activity and GSH  trogen deficiency-induced oxidative damage.
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Bone remodeling depends on the dynamic equilibrium
between osteoclastic bone resorption and osteoblastic bone
formation [39]. Our study found that EGT administra-
tion increased the bone formation markers OCN and PINP
while reducing the bone resorption markers TRAP, CTX-
1, and NTX. These findings suggest that EGT restores the
balance between bone formation and resorption in OVX
mice. Histological analyses further showed that EGT re-
duced bone marrow adipocyte accumulation and enhanced
osteoblastic OCN expression. Although previous stud-
ies have primarily emphasized the anti-resorptive effects
of EGT through inhibition of osteoclastogenesis [26,27],
our findings additionally indicate favorable effects on os-
teogenic activity.

The bone microvasculature is an essential component
of the bone microenvironment that supports osteogenic ac-
tivity and bone formation by supplying oxygen and nu-
trients and providing endothelial-derived angiocrine sig-
nals [40,41]. Our study found that EGT administration in-
creased the CD317 vascular area and the number of Osx™
osteogenic cells in bone tissue and enhanced their spatial
co-localization. In addition, VEGF is an important com-
ponent of the reciprocal signaling between osteogenic cells
and the bone microvasculature [42]. It can promote an-
giogenesis and endothelial differentiation [43,44]. Serum
VEGEF levels were also significantly elevated following
EGT administration. Our data indicate that EGT may en-
hance osteogenic activity by improving the bone microvas-
culature and strengthening its association with osteogenic
cells.

Type H vessels represent a distinct subset of capillar-
ies in bone and are essential for coupling angiogenesis with
osteogenesis [17,18]. Type H endothelial cells support os-
teoprogenitor differentiation and bone formation through
close spatial association and angiocrine signaling, particu-
larly through Notch-dependent secretion of Noggin [18,45].
Conversely, osteogenic cells promote type H vessel forma-
tion by secreting angiogenic factors such as VEGF-A and
SLIT3, thereby reinforcing angiogenesis—osteogenesis cou-
pling [44,46]. Previous studies have shown that OCTN1
is the specific intracellular transporter responsible for EGT
uptake [47,48]. In this study, we observed co-localization
of OCTNI1 with CD31, indicating that OCTNI1 is expressed
in type H endothelial cells. Moreover, EGT treatment up-
regulated OCTN1 expression in these cells and promoted
angiogenesis. These results indicate that the pro-angiogenic
effect of EGT on type H endothelial cells is associated
with increased OCTN1 expression. EGT may enhance os-
teogenic activity and promote bone formation by promoting
angiogenesis in type H endothelial cells.

Previous studies have shown that, following OCTN1-
mediated uptake, EGT protects endothelial cells against
oxidative injury by enhancing antioxidant enzyme activ-
ity, regulating GSH metabolism, and suppressing NOX1-
mediated ROS production [49]. EGT also alleviates
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hyperglycemia-induced endothelial cytotoxicity and senes-
cence by activating SIRT1 and SIRT6 and inhibiting
p66Shc and NF-kB signaling, thereby reducing intracellu-
lar ROS levels [50]. Consistent with these antioxidant ef-
fects, our study showed that EGT enhanced enzymatic and
non-enzymatic antioxidant defenses while reducing levels
of oxidative damage products. Among these changes, the
reduction in AOPPs may be particularly relevant to bone
microvascular function, as our previous study demonstrated
that AOPPs activated NOX-derived ROS, increased en-
dothelial adhesion molecule expression, and impaired the
proliferation, migration, and tube-forming activity of type
H endothelial cells [19]. Taken together, EGT may promote
bone formation and reduce bone loss by attenuating oxida-
tive stress and enhancing type H vessel-related angiogene-
sis within the bone microvasculature.

However, several limitations should be acknowl-
edged. First, because EGT administration was initiated
24 h after OVX, this study evaluated its preventive effects
rather than its efficacy against established bone loss. Sec-
ond, although EGT increased OCTNI expression and en-
hanced tube formation in bone-derived CD31"EMCN™ en-
dothelial cells, the causal role of OCTN1 was not estab-
lished using knockdown, overexpression, or pharmacologi-
cal inhibition. Third, because type H vessels were not iden-
tified by CD31/EMCN co-staining in vivo, the observed
increase in CD317" vascular area cannot be interpreted as
direct evidence of type H vessel formation. In addition,
the increased spatial association between CD31" vessels
and Osx" cells supports a closer vascular—osteogenic re-
lationship but does not establish functional angiogenesis—
osteogenesis coupling. Finally, the sample size of three
mice per group used for H&E staining and OCN immuno-
histochemistry may limit statistical power and the precision
of the corresponding estimates. Future studies using de-
layed EGT administration, OCTN1-targeted interventions,
and direct structural and functional assessments of type H
vessels are needed to clarify the underlying mechanism and
determine whether EGT is effective against established os-
teoporosis.

5. Conclusion

In this study, early administration of EGT alleviated
OVX-induced bone loss. This effect may be associated
with reduced oxidative stress and enhanced type H vessel—-
related angiogenesis. As a naturally occurring rare amino
acid with a favorable safety profile and excellent biocom-
patibility, EGT represents a promising candidate for the
prevention of PMOP.
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